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for Harbor Facilities Using
Interferometric Analysis
Ryo Natsuaki
Abstract
Synthetic aperture radar (SAR) has become a major tool for disaster monitoring.
Its all-weather capability enables us to monitor the affected area soon after the
event happens. Since the first launch of spaceborne SAR, its amplitude images have
been widely used for disaster observations. Nowadays, an accurate orbit control and
scheduled frequent observations enable us to perform interferometric analysis of
SAR (InSAR) and the use of interferometric coherence. Especially for L-band SAR,
its long-lasting temporal coherence is an advantage to perform precise interfero-
metric coherence analysis. In addition, recent high resolution SAR images are found
to be useful for observing relatively small targets, e.g., individual buildings and
facilities. In this chapter, we present basic theory of SAR observation, interfero-
metric coherence analysis for the disaster monitoring, and its examples for the
harbor facilities. In the actual case, DInSAR measurement could measure the subsi-
dence of the quay wall with 3 cm error.
Keywords: synthetic aperture radar (SAR), interferometry, interferometric
coherence, disaster monitoring, infrastructure monitoring
1. Introduction
In the last decade, Interferometric Synthetic Aperture Radar (InSAR) has widely
spread for measuring ground deformations caused by disasters, for example, earth-
quakes, volcanic eruptions, or subsidence [1, 2]. It can measure several centimeters
of deformation with one pair of SAR images. The accuracy can be increased to
several millimeters per year by applying time-series analysis [3, 4]. Compared with
traditional optical or amplitude-based SAR analyses, e.g., [5], the advantages of
InSAR-based monitoring are, for example, its sensitivity for the deformation and
all-weather availability [6–8]. It is effective in the detection of various deformations
caused by disasters such as earthquakes [9, 10], volcanic eruptions [11], storms
[12], and human disaster [13]. Especially for the long wavelength SAR, i.e., L-band
SAR, its long-lasting temporal coherence enables us to perform precise
multitemporal interferometric coherence analysis [14]. Polarimetric analysis
(PolSAR) has been also proposed for the damage detection using scattering
mechanism analysis [15]. In PolSAR mode, SAR transmits both horizontal and
vertical polarized waves and receives their co- and cross-polarized signals to see the
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scattering mechanism of targets. The collapsed buildings show different scattering
mechanisms when they are compared with standing buildings. The most important
examples are derived from 2011 off the pacific coast of Tohoku Earthquake [16–19].
Current problem for this method in the operational SARs is that there is less
acquisition for full polarimetric mode, narrower swath width, and less spatial
resolution caused by the operational limit of the platforms.
Another merit of spaceborne observations is that they have a wider observation
swath than that of airborne observations, resulting in faster measurement over
a wide area. However, the area of deformation is assumed to be larger than hun-
dreds of meters in the world of InSAR. If its spatial resolution increases, it can be
applied to smaller targets’ deformation, e.g., the disaster monitoring of harbor
facilities smaller than 100 m [20], in addition to the existing change detection
methods, e.g., [21, 22].
Currently, operational SAR satellites aim wide swath or high resolution. ALOS-2,
COSMO-SkyMed, RADARSAT-2, and TerraSAR/TanDEM-X aim higher resolution
(<5 m) with relatively narrow swath width (<50 km), while Sentinel-1 aims wider
swath width (200 km) with lower resolution (>20 m). Observation with higher
resolution can achieve precise texture of the ground. One can analyze individual
buildings with such a high resolution, while preceding researches mostly aim to
evaluate in the size of a city block [23, 24]. On the other hand, wider observation
swath is required for frequent and scheduled global observation using small number
of satellites. That is, the higher frequent acquisition enables us to analyze the region
of interest (RoI) without making any conflict with other observation requirements.
The frequent observation is a requirement not only for time-series analysis but also
for disaster monitoring that the users must observe the affected area as soon as
possible. In the next decade, wide swath and high resolution are going to be
combined, and the Earth will be observed weekly or bi-weekly with higher than
10 m resolution by SAR satellites such as ALOS-4, NISAR, Sentinel-1 NG, and
TanDEM-L.
In such an era, disaster monitoring with SAR data using interferometric analysis
becomes more useful [25]. In addition to the traditional amplitude-based change
detection, centimeter-order deformation detection and interferometric coherence-
based damage assessment will be more operational. One can acquire a delineation
map over dozens of square kilometers for the affected area with a few meters
resolution several hours after the observation, which cannot be achieved with
ground/airborne surveys.
Monitoring harbor facilities plays an important role in the recovery phase in the
disaster, because maritime traffic is a backbone of the logistics. For example, a
heavy storm may have damaged the seawalls and piers. However, it is difficult to
assess the stability of them soon after the event by humans because the ocean is still
heavy. A catastrophic earthquake and tsunamis may have damaged a number of
harbors simultaneously. In such a case, the authorities have to assess the damage of
their facilities and decide whether to rearrange the route. SAR can quickly observe
the affected area remotely on behalf of the risky direct observation by humans. This
is the reason why SAR can play an important role in the rescue and recovery phase
of the disaster. This chapter thinks of it.
In this chapter, we firstly present a fundamental theory for the interferometric
analysis of SAR. It includes the basis of differential InSAR (DInSAR) and interfero-
metric coherence analysis. Next, we describe a basic scheme of harbor monitoring
for disaster monitoring. Finally, we show several examples in the real case, includ-
ing the latest L-band SAR satellite Advanced Land Observing Satellite-2 (ALOS-2 or
DAICHI-2) [26].
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2. Synthetic aperture radar and interferometric analysis
In this section, we briefly explain the system of synthetic aperture radar (SAR)
and its interferometric analysis (InSAR), including coherence analysis. Three
monitoring methods are shown here. Firstly, wreckages and inundated area
detection using amplitude information are described. Next, DInSAR-based dis-
placement detection of the ground is explained. Finally, assessment for the dam-
aged buildings from interferometric coherence is introduced. The descriptions are
especially supposed for damage detection in harbor facilities, which is a combina-
tion of InSAR and coherence analysis.
2.1 Synthetic aperture radar
The larger antenna diameter derives the higher spatial resolution of radar sys-
tems. However, some platforms such as aircraft and satellites cannot deploy a
sufficient size of the antenna because of their payload limitations. SAR solves this
problem by moving itself and synthesizes the received signals by assuming that the
ground targets are fixed [27].
If a SAR can use wide bandwidth, e.g., 1 GHz, it can achieve approximately
0.25 m of spatial resolution in the range direction. A typical high resolution SAR
achieves 3–5 m. In the azimuth direction, a pulse repetition frequency (PRF) and
aperture length are the large factors. The amplitude of a pixel of SAR image depends
on the backscattering coefficient, and the phase depends on the distance between
SAR and scatter. The phase information is difficult to handle because the wave-
length is too short to measure the ground directly. On the other hand, the phase
contains topographic, deformation, and the other valuable information. Those can
be analyzed by interferometric analysis.
2.2 Differential interferometric SAR
Figure 1 presents a schematic diagram of InSAR analysis. A SAR image contains
amplitude and phase information, in other words, complex-valued information and
thus is called Single Look Complex (SLC) image. When we observe the same place
from the same orbit multiply and multiply one SLC image (master) and another
complex conjugated SLC image (slave), we can make an interferogram. The phase
value of the interferogram, φ, is the phase difference between the master and slave.
A SAR interferometric phase contains topographic, deformation, ionospheric delay,
and tropospheric delay information [28].
In this chapter, we consider that the interferogram, φ, consists of the topo-
graphic, φtopo, and deformation, φdefo, components and ignore the others. The topo-
graphic component can be estimated by calculating the relationship between the
known heights H acquired from a known topographic map as shown in Eq. (1).
φtopo ¼
4πBCT cos θ  γCTð Þ
λRm sin θ
H (1)
where λ is the wavelength of SAR, BCT cos(θ-γCT) is the perpendicular baseline
of the two observations, θ is the incidence angle, and Rm is the slant range distance.
Therefore, we can subtract φtopo from the interferogram and measure the deforma-
tion component. If deformation occurs between two observations, the deformation
phase value, φdefo, corresponds to the shrink or extension in the line-of-sight
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distance between the satellite and ground targets. If we denote the change in the
line-of-sight distance as ΔR, the phase value can be calculated with the wave length
λ using Eq. (2).
φdefo ¼
4π
λ
ΔR (2)
As shown in the Eq. (2), the range of phase value is limited between π and π,
and thus, we cannot distinguish deformations greater than a quarter wavelength.
For example, L-band radar has approximately 24 cm wavelength. When ΔR = 0,
+/12, +/24… cm, φdefo becomes 0 with indefinite 2nπ. Therefore, we cannot
define the deformation if the neighboring pixels have more than a 6 cm line-of-sight
difference. Long wavelength has an advantage to measure a large deformation. We
can measure the absolute deformation by unwrapping the phase as long as the
deformation satisfies the sampling theorem. The robustness of DInSAR analysis for
harbor facilities is discussed in [20]. In [20], it is reported that the average error of
the 11 observations was 0.1 cm, and its standard deviation was 0.4 cm for ideal case.
That is, there was no systematic error of more than 0.1 cm when we apply the
averaging filter when it contains a 0.4 cm variation inside the averaging window. At
the same time, the average of the standard deviation of every observation was
1.0 cm. That is, a measured deformation with L-band SAR contains a 1.0 cm error.
2.3 Phase unwrapping
In order to calculate the absolute amount of the deformation, phase unwrapping
process is required. The exact operation of phase unwrapping is a line integration of
the phase values. We can achieve the integration result, which is independent of the
integration path, as long as the amount of deformation between all neighboring
pixels satisfies the sampling theorem. If there are residual points, i.e. rotational
points, the unwrapping results become dependent on the integration path.
To solve this problem, estimating an appropriate phase value (filtering) and
finding a specific integration path is required. Various filtering and unwrapping
Figure 1.
Schematic diagram of InSAR analysis.
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methods have been proposed. The Goldstein-Werner filter [29] is the famous low
pass filter in the frequency domain. Probability estimation methods such as Markov
random field model [30] and Bayesian estimation [31] have been proposed too.
Nonlocal filter is widely used for its robustness [32]. Robust unwrapping methods
have also been proposed. Branch-cut technique [33] tries to find the minimum cost
to cancel the SPs by connecting opposite rotation side ones. Least square methods
[34, 35] use Fourier transformation to distinguish steep slope from high frequency
noise. The singularity spreading technique [36] is a newly developed method, which
simply cancels residues by adding opposite direction to send residue to the other
residues. In this chapter, we applied Markov random field model [30] filter and a
least-square method [35] for phase unwrapping.
2.4 Interferometric coherence analysis
Interferometric coherence represents the uniformity of the interferometric pair
of the SAR images [37, 38]. Interferometric coherence becomes high when the
Master and Slave images are close to each other, while it decreases when two are
completely different. The coherence value is calculated from the cross-correlation
and autocorrelation between the two observations as shown in Eq. (3). When the
ground targets are damaged or collapsed by disasters or human activities, the
identical position reflects radio waves differently when we compare the pre- and
post-event SLCs. In this case, the interferometric phase value contains no informa-
tion, and the signal in master and slave SLC has no correlation. If the ground surface
has been changed by the disaster, this effect appears as a large decrease in interfer-
ometric coherence.
γ ¼
M∗S
 
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M∗M
 q ffiffiffiffiffiffiffiffiffiffiffiffi
S∗S
 q , (3)
whereM and S represent Master and Slave samples,M∗M represents the com-
plex conjugate multiplication ofM, and < > represents the ensemble average of the
samples in < > . In short, γ is a normalized cross-correlation ofM and S, and thus, it
varies from 0 to 1. γ = 1 only happens whenM = S and γ = 0 never occurs because of
randomness. A large facility has a relatively high (approximately 0.7–0.9) value.
Contrarily, bare soil and concrete caissons have low (0.3<) values because they
have smooth surface and low reflectivity in radar. An insufficient window size will
overestimate the coherence value, while the larger window size will reduce the
ground resolution. The window size of the ensemble average in Eq. (3) is 5  5
pixels in this chapter. The interferometric coherence largely depends on the surface
roughness and temporal stability. If it is too smooth and/or unstable, such as water
surface, concrete surface, and highly active region, the radio wave does not return
to the satellite coherently.
Coherence γ also depends on the interval of M and S. Though it is stable, the
ground surface changes time by time. If master and slave images are acquired in, for
example, different years, γ becomes lower. This is called temporal decorrelation. To
avoid this effect, it is required to observe the same place frequently. In general, a
lower band SAR has a slower temporal decorrelation.
When we compare γ of two interferograms, we can detect the effect of disasters.
This is called multitemporal coherence analysis; its aim is to detect the damaged
part from the change in γ. If we have at least one interferogram prior to the disaster,
a pre-event interferogram and an interferogram which is made from pre-event and
post-event SLCs, a co-event interferogram, we can compare their coherence values.
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This is called multitemporal interferometric coherence change detection. If the co-
event interferometric coherence is lower than the pre-event one, though consider-
ing temporal decorrelation, it can be regarded that scatterers on the surface have
been damaged and/or moved largely. Two definitions for the coherence decrease dγ
can be considerable. One is the simple difference or un-normalized coherence
decrease (CD) dγun, and the other is the normalized coherence decrease dγnorm, as
shown in Eqs. (4) and (5).
dγun ¼ γpre  γco (4)
dγnorm ¼
γpre  γco
γpre þ γco
(5)
where the pre-event coherence is γpre and the co-event coherence is γco. Eq. (4)
requires relatively large γpre and cannot be applied for low coherency areas, such as
vegetated ground. On the other hand, Eq. (5) does not require large γpre, while the
temporal decorrelation will suffer in accuracy. In this chapter, Eq. (4) is applied
because harbor facilities generally have large γpre in long temporal baseline.
The facilities should be regarded as damaged when dγun exceeds the specific
threshold. The threshold is generally defined manually to reduce the effect of
temporal and spatial decorrelations. In [39], the authors found that the buildings
which are larger than 200m2 can be evaluated by setting the threshold 0.3. When
the buildings exceed the threshold, they were moderately or severely damaged
when they are classified by EMS-98 scheme [40]. In this chapter, therefore, thresh-
old for dγun is set to 0.3.
2.5 Scattering mechanisms of harbor facilities
In order to apply those analyses above to the disaster monitoring of harbor
facilities, the scattering mechanisms of SAR are briefly described. Numerical
models are the same to the other cases; however, it is worth mentioning what the
scatterers are in the harbor. Figure 2 shows the schematic image of harbor. In the
figure, SAR satellite is observing the harbor from left top of the figure.
Figure 2(a) shows the scattering mechanisms in normal condition. Region A is
water, and therefore, backscattering coefficient is very low. Region B is the bare
ground, and its brightness depends on its roughness. If the ground is covered by
concrete or asphalt, it can be seen dark as same as water. Region C is layover of the
facilities, and its surface scattering from the roof can be seen. On the other hand,
Region D is a shadow region and Point Z cannot be observed by the satellite. Water,
ground, and vertical walls work as smooth surface, and therefore, double-bounce
effects are seen in Point X and Y.
Figure 3 presents an example of airborne L-band SAR image and the
corresponding spaceborne optical image of the harbor. There are multiple bright
targets which exist at the edge of the pier and the buildings. Those are the
double-bounce effects. On the other hand, the top of the pier which is covered by
asphalt and concrete is mostly dark as the water. The brightness of the rooftop
of buildings depends on the structure of them. Those bright scatterers which do not
move between two observations have high coherence. Note that ships have no
coherence because they move on the water. Other moving facilities such as cars,
containers, and cranes do not have high coherence too. On the other hand,
stable facilities, e.g., buildings, walls, and vegetation have high coherence in L-band
SAR. In short, interferometric analysis is applicable only to the stable bright
scatterers.
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Figure 2(b) shows a schematic diagram of the traditional amplitude-based SAR
analysis. By comparing the pre- and post-disaster observation, the followings can be
found. Object P wreckages on the water reflects the radar signal and appears in the
post-disaster image. Region Q, an inundated area, will decrease the backscattering
coefficients, and therefore, it appears as water region in the postdisaster image.
Roads and other smooth surfaces are originally dark in SAR image and therefore
may not change the amplitude by flooding. In addition, insufficient amount of
subsidence or deformation will not be detected from amplitude image. Region R,
Figure 2.
Schematic image for disaster monitoring of harbor facilities using SAR. (a) Scattering mechanism in harbor and
change detection based on (b) amplitude and (c) interferometric analysis.
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the totally collapsed buildings, can be seen as a brighter scatterer in the postdisaster
image, because in general, demolished buildings are more random surface than
standing ones. On the other hand, slightly damaged buildings do not show any
significant change in the amplitude image. In short, amplitude-based analysis can
detect significant difference of the scatterers.
Figure 2(c) shows what can be observed by interferometric analysis. As water
and surface has no coherency, wreckages on the water are not visible by interfero-
metric analysis. Inundated Region S shows significant drop of coherence. Region T,
deformation of the ground including subsidence or lateral flow, can be seen by
interferometric phase and can be measured how large the surface moved. To calcu-
late the absolute amount of the deformation, it requires relatively high coherence,
Figure 3.
Example of (a) SAR and (b) optical observation among harbor facilities.
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that is, the place where the deformation can be measured has less damage. Region U
and V, moderately damaged and collapsed buildings, can be detected by interfero-
metric coherence analysis too. Its sensitivity is discussed precisely in [39].
In summary, some damages can be detected only by amplitude information,
while the others can be detected only by interferometric analysis. Precise
centimeter-order deformation can be measured when the surface keeps enough
coherencies.
In a qualitative manner, one can segmentalize the disaster affected harbor facil-
ities as following features.
• Nonaffected area can be recognized as high coherence and same amplitude
areas.
• Deformation can be measured by DInSAR as long as the surface keeps enough
coherence. Note that the phase component of the interferogram is relative
value in the line-of-sight direction and not the absolute deformation of neither
vertical nor horizontal direction.
• Moderately damaged buildings can be found by the decrease of coherence.
• Severely damaged buildings can be found by both decrease of coherence and
increase of amplitude.
• Inundated areas appear as significant drop of amplitude as well as decrease of
coherence.
• Wreckages on the water can be found from increase of the amplitude in the
water region.
3. Damage detection scheme
Here, a brief detection scheme is introduced. In the rescue and recovery phase of
disaster, mapping an affected area is one of the urgent tasks. The authorities use the
delineation map for planning their activities. However, not all the responsible
persons are familiar with remote sensing, especially for SAR. Therefore, intuitive
classification is required.
Figure 4 shows an example of the classification flow. The classification scheme
consists of five processes. First, the region which amplitude dropped more than
6 dB than pre-disaster data or weaker than the known water region is regarded as
under the water and indicated as blue on map. The area which was affected by
subsidence, tidal wave, and/or tsunami will be visualized.
Figure 4.
Decision flow of the quick assessment.
9
L-Band SAR Disaster Monitoring for Harbor Facilities Using Interferometric Analysis
DOI: http://dx.doi.org/10.5772/intechopen.81465
Second, the region in which amplitude increased more than 6 dB than pre-
disaster data is indicated as yellow on map. Wreckages and totally collapsed build-
ings will appear here.
Third, the region which coherence dropped more than 0.3 than pre-disaster
dataset is regarded as inundated and indicated as red on map. Moderately or
severely damaged facilities will be shown in this color. Totally collapsed buildings
will be also classified here too.
Fourth, the region in which coherence is higher than 0.6 is regarded as not
affected and indicated as green. Showing “safe zone” is demanded for the authori-
ties to decide from where they start their operations.
If the region fulfills both 3 and 4, they do indicate none of them. Some large
buildings have higher than 0.9 of coherence in pre-disaster pair, and their coher-
ence may keep higher than 0.6 in co-disaster pair. In such a case, it is difficult to
distinguish whether the buildings are damaged or not.
Measurement results for the deformation by DInSAR are presented in the dif-
ferent layer.
4. Examples
In this section, we applied the classification scheme to two examples. First is
Ishinomaki port, Japan, which was severely affected by the 2011 off the Pacific coast
of Tohoku earthquake. The port was observed by ALOS that was operated by JAXA
until 2011. The second example is Kumamoto port, Japan, which was slightly
affected by 2016 Kumamoto earthquake and observed by the latest ALOS-2. Note
that the scheme can be applied to the other disasters such as typhoon and is
evaluated in [20].
In Kumamoto port case, we measured the lateral flow with DInSAR. As the area
is enough small, we assumed that all phase components consist of topography and
deformation and ignored other phase components in the interferogram, such as the
ionospheric [41–43] and tropospheric [44, 45] delays.
4.1 Ishinomaki port, Japan in 2011 off the Pacific coast of Tohoku earthquake
Ishinomaki port, Miyagi prefecture, Japan, was severely affected by the 2011 off
the Pacific coast of Tohoku earthquake on March 11, 2011. A large tsunami hits the
port, and almost all facilities were collapsed, damaged, or flushed out. The affected
area was observed by ALOS several times. Here, we use the data set of Path 402,
Frame 760. The observation dates are April 1, 2011, August 14, 2010, and May 14,
2010. The first two are used for co-event pair, and the latter two are for pre-event
pair. Thanks to the L-band SAR’s long lasting coherence, 8 months interval pair can
be used effectively for the analysis. ALOS has approximately 10 m by 5 m resolution
and therefore hardly investigate an identical building in general. However, the
harbor facilities in this port were enough large to be distinguished. On the other
hand, the deformation itself was too large to be measured by DInSAR. Therefore,
we present a delineation map only.
Figure 5 presents the damage assessment results for the Ishinomaki port. As
shown in the figure, most part of the coast line of the city was colored in red; the
buildings are detected as moderately or severely damaged. In the left side of the
figure, there is a large inundated area which is colored in blue. From Figure 5, it is
also clear that some buildings on the hills in the north part of the city survived from
the earthquake and tsunami.
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Figure 6 shows the closed-up images with optical data of white rectangles,
which are marked as X and Y in Figure 5. Figure 6(a) is a closed-up image for the
piers and its comparison in optical images in Region X. Most facilities are
demolished, while some of them are remaining. The pier in right hand side has both
inundated and wreckage-covered area.
Figure 6(b) is a closed-up image and its optical comparison for the Region Y in
Figure 5. This part is a breakwater of the port. Soon after the disaster, it is some-
times difficult to approach the offshore facilities. On the other hand, satellite-based
SAR can observe them. In this case, tsunami hits the breakwater and some of them
are sunk under the water. Wreckages are also found surrounding them. Most
damaged buildings were found by interferometric coherence analysis. This is prob-
ably caused by the orientation, size, and structure of the buildings.
4.2 Kumamoto port, Japan in 2016 Kumamoto earthquake
Kumamoto port, Kumamoto prefecture, Japan, was hit by the earthquake on
April 15, 2016. ALOS-2 had observed the port half a day before the earthquake and
observed there again in the next revisit cycle (14-days) on April 29, 2016. There is
another observation record from the same orbit on November 14, 2014, and there-
fore, we can perform the interferometric coherence analysis. The path and frame
number of the observation are Path 28 and Frame 2930, respectively.
Figure 5.
Damage assessment results for Ishinomaki port, Japan, in 2011 off the Pacific coast of Tohoku earthquake.
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Figure 7 shows an example of the interferometric phase and the position of the
port. Each fringe of the interferometric phase represents 12 cm deformation.
Fortunately, the port is enough far from the epicenter. Its overall deformation was
small enough to continue the operation. Figure 8 presents the delineation map
and the analytical results for coherence analysis and DInSAR measurement.
Figure 8(a) shows the delineation map. Fortunately, most part of the pier
received no damage. Therefore, we could only detect the difference of the
Figure 6.
Close up images for Figure 5: (a) Region X and (b) Region Y.
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berthing ships between April 15 and 29. There were almost no damaged
facilities, and therefore, it is hardly visible to see nongreen part. In Figure 8(b),
we show the coherence drop data, red color in Figure 8(a). Now, it is visible that
the right hand side of the pier has several damaged facilities. According to the
rapid report from the port [46], some roads and facilities received several
damages.
In this case, temporal baseline of γpre is almost 17 months. In such a long interval,
a SAR, which uses higher frequency (e. g., X- or C-band), cannot achieve enough
coherence to compare with γco. These results indicate that L-band SAR may observe
the earth from additional incidence angle once in a several years in order to prepare
for the disaster. If we have multiple archives from multiple incidence angles, the
operator can mauve the satellite to observe the affected area as soon as possible and
compare the observation results with the archives. Such operation will greatly help
the corresponding authorities because they need not to wait for the next “sched-
uled” observation.
Kumamoto port had been under construction to landfill. A lateral flow
occurred in the north part of the pier. Figure 8(c) shows the measurement results
of the DInSAR. The unwrapped result shows more than 20 cm of line-of-sight
displacement. As ALOS-2 observed the port from west of the port, west half of the
port moved toward the satellite and the east half moved away from the satellite.
On the other hand, the existing parts show only small deformations. For example,
the quay wall showed 5–10 cm subsidence by DInSAR measurement. On the
other hand, the actual measurement in [46] was 7 cm. Therefore, the error in this
case was 3 cm, which is larger than the ideal case in [20] (1 cm). This is caused by,
for example, filtering errors, unwrapping errors, or the randomness in the subsi-
dence. In summary, DInSAR could measure the subsidence of the quay wall with
several centimeter of error. The measured deformation can be used in the recovery
phase of the disaster. As single DInSAR pair can measure the line-of-sight displace-
ment, three dimensional measurements require more than three observations.
Especially for the satellite SAR, it is difficult to measure north-south deformation by
interferometric analysis because it usually flights polar orbit and can only observe
from east or west. If the deformation is enough large to be detected by co-
registration, pixel-offset method can be applied.
Figure 7.
Interferogram in Kumamoto earthquake.
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Figure 8.
Damage assessment results for Kumamoto port, Japan, in 2016 Kumamoto earthquake. (a) Damage assessment
map, (b) coherence dropped part only, and (c) deformation map.
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5. Conclusion
In this chapter, a rapid damage assessment scheme which is based on SAR
interferometric analysis was introduced. With a combination of amplitude analysis,
it is able to show an easy-understanding and enough-accurate delineation map.
Furthermore, interferometric analysis can provide centimeter-order deformation
map. In the example case of Kumamoto earthquake, ALOS-2 detected 5–10 cm
subsidence in the quay wall, which was 7 cm in real measurement. These results are
highly appreciated by the disaster corresponding authorities. In this chapter, a basic
theory is shown. Its accuracy can be easily improved by, for example, machine
learning and data-fusions with the other observations.
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